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Abstract
The main goal of this work was to evaluate the adhesion to acrylic of several clinical strains of Staphylococcus epidermidis and Staphylo-
coccus haemolyticus using both static and dynamic adhesion methods, and to compare the results obtained with these two methods. Adhesion
was evaluated using the static slide method with different washing procedures, and the parallel plate flow chamber method. The extent of
S. epidermidis adhesion, assessed by both methods, was greater than that of S. haemolyticus. The number of bacteria which adhered using the
static method was lower than that using the dynamic method. It was found that the simple static method, when performed with an accurate
washing procedure, can be as effective as the dynamic flow method for assessing differences in the adherence capacity of strains. Although
the dynamic flow method yielded more overall information, its greater complexity and cost may not always justify its use for certain experi-
mental comparisons. This investigation has shown that simple static adhesion methods, when performed accurately, can be used to evaluate
differences in adhesion capacity.
 2004 Elsevier SAS. All rights reserved.
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Healthy human skin and mucous membranes repre-
sent the natural habitat of coagulase-negative staphylococci
(CoNS) such as Staphylococcus epidermidis and Staphylo-
coccus haemolyticus [25]. In predisposed hosts, usually with
an indwelling medical device, CoNS have become signifi-
cant nosocomial pathogens [14]. The major virulence factor
associated with this organism’s ability to cause infections is
dependent upon adhesion to medical devices and formation
of a biofilm [25].
Acrylic is a polymer often used in the manufacturing
of medical implants like bone-cement, intraocular artificial
lenses and cranioplastic implants [10]; adhesion to acrylic
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such as persistent and chronic infections [20].
Microbial adhesion to inert surfaces such as acrylic has
been shown to be a complex process, involving physico-
chemical interactions between the polymer and protein and
polysaccharide factors of the bacteria [3,13,24]. In addition,
a wide variety of experimental systems have been developed
to study microbial adhesion to inert surfaces, but there is no
consensus as to which is most representative of the infec-
tious process in a human.
One of the simplest methods for studying bacterial ad-
hesion is the static adherence method [5]. In this method,
a slide or similar piece of substratum such as a catheter is
immersed in a microbial suspension and a batch adhesion
process is allowed to occur. After exposure, the substratum
is washed for removal of non-adherent bacteria and then ad-
hering bacteria can be enumerated in situ. More elaborate
methods are available for studying microbial adhesion, one
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many investigators to have important advantages [5]. With
the parallel-plate flow chamber, adhesion to surfaces can
be studied in a more controlled hydrodynamic environment,
and more experimental parameters can be measured, such as
the initial adhesion rate or the removal rate after passage of
an air–liquid interface [6].
According to some authors this type of system provides a
more accurate evaluation of bacterial adhesion than the static
adhesion system because of the washing step required in the
latter method [5]. This washing procedure, necessary for re-
moving non- or loosely adhering cells, strongly influences
the adhesion results. Although it is a crucial step in sta-
tic adhesion assays most of the reported data resulted from
adhesion assays performed under uncontrolled washing pro-
cedures.
In this study the adhesion to acrylic of 7 CoNS strains was
evaluated by static slide methods, in which different washing
steps, carefully controlled, were performed, as well as by the
dynamic parallel-plate flow chamber. A comparison of the
results obtained by these methods was performed.
2. Material and methods
2.1. Bacterial strains
In this work, 5 S. epidermidis strains and 2 S. haemolyti-
cus strains were used. S. epidermidis 9142 is a known
producer of the major surface polysaccharide promoting
CoNS adherence and biofilm formation, referred to as either
polysaccharide intercellular adhesin (PIA) or by its chem-
ical composition, poly-N -acetyl glucosamine (PNAG) and
S. epidermidis 9142-M10 is a strain isogenic to 9142 that
contains a transposon inserted into the ica locus which en-
codes the biosynthetic enzymes for producing PIA/PNAG
and thus does not produce this molecule. S. epidermidis
IE75, S. epidermidis IE186 and S. haemolyticus IE246 were
isolated from infective endocarditis patients; S. haemolyticus
M176 and S. epidermidis M187 were isolated from patients
with peritonitis associated with renal dialysis patients.
2.2. Media and growth conditions
Tryptic soy broth (TSB) and tryptic soy agar (TSA) were
prepared according to the manufacturer’s instructions. All
strains were incubated in 15 ml of TSB inoculated with bac-
teria grown on TSA plates not older than 2 days, and grown
for 24 (±2) h at 37 ◦C in a shaker rotator at 130 rpm. Then,
200 µl of each cell suspension was transferred to 150 ml of
fresh TSB, which was incubated for 18 (±2) h at 37 ◦C at
130 rpm. After being harvested by centrifugation (for 5 min
at 10 500 g and 4 ◦C), cells were washed twice and resus-
pended in a saline solution (0.9% NaCl prepared in distilled
water).2.3. Substrate preparation
Acrylic was cut into 20 × 20 mm squares (for static
method) or into 76 × 50 mm plates (for dynamic method).
These substrata were immersed in a 0.2% solution of a com-
mercial detergent overnight, after which they were trans-
ferred to a new solution of 0.2% of a commercial detergent
and washed at 40 ◦C with strong agitation for 5 min. The
squares and plates were then well rinsed with distilled water
and finally each individual substratum was well rinsed with
ultra-pure water and dried at 60 ◦C, overnight.
2.4. Static adhesion methods
2.4.1. Optimization of the adhesion assays
In order to ascertain the influence of the initial inoculum
upon the numbers of adhering cells, adhesion was allowed
to occur for 30 min using different cell concentrations. In
order to determine the influence of the adhesion time on the
amount of adherent bacterial cells, adhesion was allowed to
occur for different times, using a standard cell concentra-
tion.
To evaluate the effect of the washing step, 3 approaches
were considered: no washing, washing by multiple immer-
sions in water and finally washing by rinsing with a spurt
of water. When using the immersion method, the acrylic
surfaces were gently transferred to 100 ml glass beakers con-
taining distilled water, and were allowed to rest there for
approximately 10 s. Afterwards, a new transfer was made
to a different 100 ml glass beaker with distilled water, fol-
lowed by a third transfer 10 s later. In the other method,
the substrate surfaces were carefully removed from the adhe-
sion medium and were rinsed with a spurt of distilled water
for approximately 20 s. After the washing steps, all surfaces
were allowed to dry at 60 ◦C.
S. epidermidis 9142 was selected as the strain to be used
in all the optimization assays, since it is a known strain al-
ready used in other works [15,16].
2.4.2. Static adhesion
Squares of acrylic were placed in 6 well tissue-culture
plates containing 5 ml of a cell suspension at an optimal
concentration in saline solution (see Table 1). Initial adhe-
sion to each substratum was allowed to occur during the
optimal adhesion time (see Table 1) at 37 ◦C, in a shaker at
120 rpm. Negative controls were obtained by placing acrylic
in a saline solution without bacterial cells. The squares
were then carefully washed by immersion. The substratum
squares with adhered cells were dried at 37 ◦C. All experi-
ments were done in triplicate, with 4 repeats.
2.4.3. Image analysis
For image observation and enumeration of adherent bac-
terial cells, the substratum squares were stained with a 0.2%
safranin solution for better contrast. Direct bacterial counts
were done using a phase contrast microscope coupled to a
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pixels resolution at a magnification of 400×. With this mag-
nification 1 cm2 is equivalent to 1.823×104 captured images
(as determined by a Neubauer chamber). For each surface
analyzed, 20 images were taken. Cells were counted using
automated enumeration software.
2.5. Dynamic adhesion methods
2.5.1. The parallel-plate flow chamber and image analysis
The parallel-plate flow chamber and image analysis sys-
tem has been previously described [5]. Briefly, images were
taken from the center of the bottom of the plate, with a
3CCD video camera mounted on a phase-contrast inverted
microscope equipped with a 40× ultra-long working dis-
tance objective. Images containing 768 × 576 pixels were
acquired by image analysis software. Every 10 s one im-
age was obtained by adding 5 consecutive images captured
with a time interval of 500 ms in order to eliminate moving
bacteria and to enhance the signal-to-noise ratio. At the mag-
nification used, 1 cm2 is equivalent to 3.148 × 104 captured
images (as determined with a Neubauer chamber).
2.5.2. Dynamic adhesion
Prior to each experiment, all tubes and the flow cham-
ber were filled with saline solution with special attention
to removing all air bubbles from the system. A saline so-
lution was circulated through the system until the station-
ary operation conditions were obtained (0.18 ± 0.02 ml/s),
which yields a laminar flow (Reynolds number of 4.8±0.6).
A pulse-free flow was established by hydrostatic pressure,
and the suspension was recirculated using a peristaltic roller
pump.
Afterwards, the flow was switched to the bacterial sus-
pension (at the same concentration used in the static assays)
that was circulated throughout the system at room temper-
ature for 60 min while images were captured with a time
interval of 10 s. After the enumeration of adhering bacteria,
an air–liquid interface was passed through the system and
the amount of cells removed was determined. In addition to
the determination of adherent bacteria at a stationary end-
point, the initial deposition rate was also calculated during
the first min of the adhesion assays. All experiments were
done at least 4 times with independent cultures.
2.6. Statistical analysis
All the adherence assays were compared using one-
way analysis of variance (ANOVA) by applying Levene’s
test of homogeneity of variances, and the Tukey multiple-
comparisons test, and also the paired samples t-test using
SPSS software (Statistical Package for the Social Sciences).
All tests were performed with a confidence level of 95%.3. Results
3.1. Optimization of the adhesion assays
A summary of the optimization of the static adhesion pa-
rameters is presented in Table 1.
When no washing step was performed, the number of
adherent cells was found to be constant at different adhe-
sion times. On the other hand, when using immersion or
rinsing washing procedures, the number of adherent cells in-
creased with increasing adhesion times. However, only in
washing by immersion was this increase found to be signifi-
cantly different at the P < 0.05 level (ANOVA and Tukey’s
multiple-comparison test).
As expected, a lower initial cellular concentration yielded
a lower number of adherent organisms but interestingly the
differences in adherent organisms over a broad range of ini-
tial inocula were not large. Clearly there is a maximum
number of bacterial cells that can adhere to the substrate,
as shown by the similar level of adhesion achieved by a cell
suspension with an initial optical density of 1 compared with
another suspension with an initial optical density of 2.4.
When comparing the number of adherent cells after dif-
ferent exposure times, we verified that lower exposure times
yielded a lower level of adherent cells (2.3 × 106 cells/cm2
after 30 min of exposure and 4.2 × 106 cells/cm2 after
120 min of exposure). The plateau was attained at 120 min
of exposure, as there was no significant increase in adher-
ence at the P < 0.05 level (ANOVA and Tukey’s multiple-
comparison test) after 150 min of exposure (4.6 × 106 and
4.5 × 106 cells/cm2, respectively).
3.2. Comparison of static with dynamic adhesion
A summary of the adhesion parameters using the two
methods is presented in Table 2. A linear relation was ob-
tained between the adhesion levels (in 106 cell/cm−2) in dy-
namic method (D) and static method (S): D = 3.4011×S+
5.6288, r = 0.9555. When using the static method the only
information that can be obtained is the amount of cells adher-
ent at the end of the assay. When using a dynamic method,
more information is available. As can be seen in Fig. 1, the
3 strains, representative of the distinct behaviors observed,
reached a maximal adhesion phase very quickly (in less than
30 min) compared with 120 min using the static method.
Furthermore, the number of adherent bacterial cells with the
dynamic method was almost 10-fold higher than the adhe-
sion achieved in the static method (P < 0.05, paired samples
t-test). The results obtained by the static adhesion method
revealed that S. epidermidis strains adhered at higher extents
to acrylic than S. haemolyticus strains (Table 2). The only
exception was S. epidermidis IE75 that adhered at the same
level as S. haemolyticus IE246 and S. haemolyticus M176
(2.2×106, 2.6×106 and 3.1×106 cells/cm2, respectively).
With the dynamic adhesion assay, the extent of adherence of
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Optimization of the static adhesion parameters
Adhesion timea (min) 106 cell/cm−2 Initial inoculumb 106 cell/cm−2 Washing stepc Adhesion time (min) 106 cell/cm−2
15 1.2 (±0.3) 0.1 0.3 (±0.2) None 20 35.2 (±5.7)
30 2.3 (±0.2) 0.4 0.7 (±0.2) 40 36.4 (±9.9)
60 3.6 (±0.4)* 1.0# 1.3 (±0.2)* Immersion 20 1.2 (±0.3)*
120 4.6 (±0.5) 1.8# 2.1 (±0.2) 40 2.3 (±0.4)*
180 4.6 (±0.4) 2.4# 2.2 (±0.3) Rinsing 20 0.6 (±0.5)
40 0.9 (±0.5)
* Represents a mean difference significant at the P < 0.05 level (ANOVA and Tukey’s multiple-comparison test).
a Influence of the adhesion time upon the number of adhering cells. A standard inoculum was used with an optical density of 2.0 (diluted 4-fold, measured
0.5 at 640 nm).
b Influence of the initial cell density upon the number of adhering cells (cell densities described above 0.8 (#) were diluted 4-fold and measured at 640 nm).
c Influence of the washing steps at different times of adhesion upon the numbers of adhering cells. The standard deviation is between brackets.most of the S. epidermidis strains was again significantly dif-
ferent (P < 0.05, ANOVA and Tukey’s multiple-comparison
test) from the S. haemolyticus strains, when comparing the
adhesion achieved at the stationary phase. Regarding the
comparison of the initial adhesion rates, S. haemolyticus
strains had the slowest rates, significantly different from the
rates of the S. epidermidis strains (P < 0.05, ANOVA and
Tukey’s multiple-comparison test). The effect of passing an
air-bubble through adherent cells in the parallel plate flow
chamber resulted in removal of a large proportion of the ad-
herent organisms. This can be explained by the formation of
an air–liquid interface, that induces a shear force of about
10−7 N, which is in the range of the adhesion strength eval-
uated by atomic force microscopy [11].
4. Discussion
Many investigators have evaluated the adherence of bac-
teria such as CoNS to polymers and medical devices to un-
derstand the processes of colonization and biofilm formation
[1,13,21]. However, comparisons of parameters that might
be important in evaluating the results achieved, such as the
amount of inoculum, incubation period and washing proce-
dure, are not fully discussed in the literature. Additionally,
there is a lack of detailed studies comparing both the static
and the dynamic methods of assessing initial adhesion. In
this study we evaluated several critical parameters that could
affect the outcome of adherence assays to provide insights
into which steps of this process are affected by variations in
experimental conditions.
In the present case, when no washing step was used, a
high number of adherent bacterial cells were obtained. Fur-
thermore, without washing, there was no difference between
levels of adherent cells regardless of the exposure times to
the substratum. It is probable that the cells enumerated in-
clude those that adhered, plus the loosely attached cells and
the cells deposited by sedimentation. While it might seem
obvious that some washing must occur to discriminate ef-
fectively adherent from merely deposited cells, the findings
without washing point out the need for defining a proper
set of washing conditions to accurately gauge and compareFig. 1. Adherence kinetics of S. epidermidis 9142 (a), S. epidermidis IE75
(b) and S. haemolyticus M176 (c) using the dynamic parallel flow chamber
assay.
among different experimental conditions the number of ad-
herent cells on a substratum.
When further comparing the two distinct washing proce-
dures, both of which are referred to in the literature [2,3,17],
it was found that adhesion levels determined by the two
methods were different for each time of exposure evalu-
ated, demonstrating the importance of choosing an adequate
method to remove non-adherent cells when using static ad-
hesion assays. Moreover, both methods revealed an increase
in the number of adherent cells with increasing time of ex-
posure. Washing by immersion was considered to be more
reliable since it is more reproducible. Moreover, the spurt
method is subjected to variations dependent on the opera-
tor since the amount and flow of water used will probably
vary between repeated experiments. Based on methodologi-
cal investigations, we used the static adherence assays along
with the immersion method of washing the surfaces to com-
pare bacterial adherence after 2 h, a time found to yield
maximal adherence. The initial cell suspension had a con-
centration equivalent to 1 × 109 cells/ml, which was found
to be the “breakthrough concentration”, in the sense that it
corresponds to the highest level of adherence with the lowest
input inoculum.
A clear difference was found when comparing the ex-
tent of adhesion of S. epidermidis with S. haemolyticus,
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CONS adhesion to acrylic in both dynamic and static methods
Strain Dynamic method Static method
j0a n30 minb d%c n120 mind
S. epidermidis 9142 7.2 (±1.2) 36.8 (±7.4)* 91 (±5) 4.5 (±0.5)
S. epidermidis 9142-M10 9.3 (±1.3) 40.2 (±4.7)* 82 (±11) 4.8 (±3.8)
S. epidermidis IE75 5.9 (±0.9) 23.4 (±5.1) 87 (±12) 2.2 (±0.7)
S. epidermidis IE186 12.2 (±0.9) 44.3 (±4.0)* 80 (±12) 5.2 (±1.9)
S. epidermidis M187 10.7 (±0.2) 40.4 (±5.9)* 79 (±3) 4.6 (±1.4)
S. haemolyticus IE246 3.5 (±0.5)* 14.4 (±1.4) 89 (±7) 2.6 (±0.5)
S. haemolyticus M176 3.3 (±0.6)* 17.1 (±1.9) 91 (±7) 3.1 (±1.1)
* Represents a mean difference significant at the P < 0.05 level (ANOVA and Tukey’s multiple-comparison test).
a Initial adhesion rate (j0, 104 cell/cm2 s1).
b Number of adhering bacteria at stationary deposition phase (n30 min, 106 cell/cm−2).
c Percentage of bacteria detached by passing an air-bubble through the chamber.
d Number of adhering bacteria at stationary deposition phase (n120 min, 106 cm2). The standard deviation is between brackets.with most S. epidermidis adhering to a greater extent than
S. haemolyticus strains. This was also seen in the 3 parame-
ters measured with the dynamic method: generally, S. epi-
dermidis had a higher initial rate of adherence and reached
higher cellular densities in the stationary phase of adhesion
which was also attained sooner; and they were more resistant
to removal after passing an air-bubble through the parallel
plate flow chamber. Although the static method allows only
one parameter to be measured (the number of adhering cells
at the stationary point), it was also found that S. epidermidis
generally adheres better to acrylic than S. haemolyticus.
Because of this, two hierarchal cluster analyses, based on
squared Euclidean distances, were performed as described
by Bosch et al. [23] using the data from static and from dy-
namic adhesion assays. From both cluster analyses (Fig. 2),
two distinct groups could be identified: both S. haemolyticus
and S. epidermidis IE75 belong to the same group, showing
the lowest extent of adhesion; the remaining S. epidermidis
strains belong to another distinct group, displaying the great-
est number of adhering cells.
With the dynamic method, adherence was almost 10-fold
higher than that achieved with the static method. This can be
explained by the differences in the transport phenomena in
the two methods. With the static method, transport of bacte-
ria is by diffusion only, while with the dynamic method, in
addition to diffusion, there are also convection phenomena
[19] that could contribute to bacterial accumulation. It has
been demonstrated previously that the transport phenomena
involved in adhesion processes greatly influence the extent
of adhesion [4].
It has been suggested that, since the slide method will al-
ways be affected by the air–liquid interface in the washing
and drying processes, this method evaluates the retention of
cells rather than adhesion [5], i.e., the ability to adhere to a
surface and to resist shear forces that exist in many natural
environments [6,8,9]. However, the effect of the air–liquid
interface varies and is dependent on the substratum proper-
ties, cell surface properties and the velocity of the passing
air-bubble [7,12]. In this study, the washing procedure wasFig. 2. Hierarchal Cluster analysis based on squared Euclidean distances of
(a) static adhesion assays and (b) dynamic adhesion assays.
performed carefully in order to avoid the formation of an
air–liquid interface.
Overall, the results obtained in the present work suggest
that both static and dynamic methods are equally valid to
compare adhesion behaviors among CoNS clinical strains.
The linear relation obtained between adhesion levels in the
dynamic method and the static method had a very high cor-
relation. Additionally, the cluster analysis performed using
either static or dynamic adhesion results yielded the same
two distinct groups, differentiating between the strains by
their adhesion capabilities. For instance, the high capacity
of adhesion of S. epidermidis IE186 compared to any of
the S. haemolyticus can be detected by both static and dy-
namic methods. Although dynamic method do provide more
information, the ease and practicality of a well-defined static
method can also be useful for discerning differences among
CoNS strains in terms of their adherence ability.
760 N. Cerca et al. / Research in Microbiology 155 (2004) 755–760In summary, the static adhesion method can be useful
for evaluating differences in adhesion capabilities, even if
it only provides information about the final level of adher-
ence achieved. Since it is a low cost method that is very
easy to perform and less-time consuming, the slide static
adherence method has some advantages over the dynamic
parallel-plate flow chamber method, such as evaluating the
adherence capacity of a high number of strains. The dynamic
adhesion assay using the parallel-plate flow chamber is more
time-consuming and needs more expensive equipment, and
is thus more appropriate for studying fundamental aspects
of adhesion with a limited number of strains, as has been
demonstrated by many authors [12,18,22].
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